Mouse hepatitis virus 3 (MHV3) infection in mice varies according to the mouse strain used; they may show resistance, semi-susceptibility (paralysis) or full susceptibility (lethal acute hepatitis). In order to study the mechanism of inborn resistance, viral infection was carried out in primary cultures of embryonic fibroblasts originating from various mouse strains exhibiting different sensitivities to MHV3 infection. Virus-induced cytopathic effects and cell membrane antigens as well as virus replication and interferon synthesis were studied. Persistent infection was induced in four out of six primary embryonic fibroblast cultures and in six of six secondary cultures. Two primary embryonic fibroblast cultures from susceptible strains underwent total lysis. A high yield of virus was obtained, as tested by viral titres and cell membrane antigen detection. No significant difference in virus production or in interferon synthesis was observed in fibrobtast cultures of the various mouse strains tested. Cytopathic effects characterized by cell lysis were related, however, to phenotypes in vivo. This effect was lost after a single trypsinization of the culture. In addition, resistance to virus-induced cell lysis was inhibited by actinomycin D treatment. These results indicate that the intrinsic resistance of fibroblasts is effective not against virus replication but against virus-induced cell lysis. Such a cellular control mechanism may be an important factor for resistance in vivo.
INTRODUCTION
Resistance to mouse hepatitis virus 3 (MHV3) infection is mainly dependent on genetic and immune factors (Le Pr6vost et al., 1975a; Dupuy et al., 1975; Levy-Leblond et al., 1979) . As well as full susceptibility or resistance, some strains of mice exhibit a semi-susceptibility resulting either in early death or, in the surviving animals, in the development of a chronic disease with neurological manifestations and virus persistence (Le Pr6vost et al., 1975b) . Mechanisms involved in the viral persistence have not yet been elucidated.
Genetic sensitivity displayed by mouse strains toward MHV3 infection in vivo has been related in vitro with the degree of virus replication observed in hepatocytes (Arnheiter et al., 1982) or in macrophages (Virelizier & Allison, 1976; Dupuy et al., 1980) derived from adult mice. Genetic analysis indicates that acute and chronic diseases are under the influence of at least two major genes, or gene complexes, which are different for each disease state and that, in addition, resistance to paralyses is H-2-1inked (Levy- Leblond et al., 1979) .
The use of embryonic cell cultures may also provide a fruitful model for the study of natural resistance mechanisms under genetic control. This work reports that host cell genetic control of cell lysis is crucial to the establishment of persistent MHV3 infections in embryonic fibroblasts derived from various mouse strains.
Virus. MHV3 was a cloned substrain (Dupuy & Rodrigue, 1981) . For virus production, L2 cells were infected at a multiplicity of infection (m.o.i.) of 0.01. When cytopathic effects reached 50~, monolayers were subjected to two freezing thawing cycles and fluids clarified by centrifugation at 1000 g for 30 min. Supernatants, stored at -70 °C in small aliquots, were titrated in L2 cells and used as inoculum. Virus titres were calculated by the Reed & Muench (1938) method and expressed as 50% TCIDs0. Embryonic fibroblast cells were infected with 103 TCIDs0 of MHV 3.
Virus titration. Virus suspensions were diluted serially in 10-fold steps in MEM with Earle's salts. L2 cells cultured in 96-well microtitre plates were infected with 0.025 ml of virus dilutions and virus was allowed to adsorb for 1 h at 37 °C. Culture medium without foetal calf serum was added (0.2 ml) and plates were incubated for 3 days at 37 °C in CO2. Virus titrations were made in triplicate and standard errors were calculated.
Cytopathic effect (c.p.e.) . This was recorded daily and expressed as percentage of the monolayer exhibiting cell lysis.
Indirect immunofluorescence test. Anti-MHV 3 antibody (Ab) was produced in resistant A/J mice after two i ntraperitoneal injections of 1000 LD50 of virus given 2 weeks apart (Le Pr6vost et al., 1975 b) . Sera were collected 3 days after the last injection, pooled, titrated by complement fixation test (CF; 1 : 1024) and kept at -70 °C in small aliquots. Antisera were treated at 56 °C for 30 min before use, to remove complement.
Infected and uninfected cells were cultured in wells of Teflon glass slides (12 wells; Flow Laboratories). Cells were fixed in cold acetone for 30 min, washed in PBS, pH 7.2 for 15 rain under agitation and air-dried. Four units of either fluorescent anti-mouse IgG or anti-mouse F(ab'): antisera (Cappel Laboratories, Cochranville, Pa., U.S.A.) were added to each well. After further incubation and washing, slides were treated with glycerol PBS InterJeron assay. Supernatants of persistently infected cell cultures were treated with u.v. radiation (35 min) or heat (50 °C, 15 min) in order to destroy viral infectivity prior to testing. The interferon assay was carried out according to published methods (Dahl & Degre, 1972) . Mouse c~-interferon (Calbiochem) and anti-mouse ~-interferon (NIAID, Bethesda, Md., U.S.A.) were used in persistently infected cell cultures, at concentrations of 2400 IU and 6000 IU respectively. Pathogenicity in vivo. Pathogenicity was determined by intraperitoneal (i.p.) injection of 0.1 ml of viral suspension into C57BL/6 susceptible adult mice. Each group consisted of six mice or more and the number of surviving animals was recorded during the first 2 weeks after infection.
Actinomycin D treatment. Actinomycin D (Sigma) was added to infected and uninfected cell cultures at a final concentration of 0.5 ~tg/ml.
RESULTS

MHV 3 injection in primary and secondary embryonic fibroblast cell cultures
Embryonic fibroblast cells were infected with MHV3 during either primary or secondary cultures. MHV3 infection was followed by sequential determinations of c.p.e., cell membrane antigens and virus titres. For each mouse strain tested, three cell cultures were infected with MHV 3 and similar results were obtained.
In primary cultures ( Fig. 1) , high virus titres were observed in A/J and in B6AF~ cells, from day 2 post-infection and throughout the time of culture. In B6 ceils, virus titres were high at days 2 to 4 post-infection, but decreased regularly thereafter to become negative by day 10. MHV3- Resistance to MHV3 in mouse fibroblasts 1167 induced c.p.e, exhibited striking differences according to mouse strain. No c.p.e, was seen in fibroblast cultures derived from the resistant A/J strain, whereas cells from susceptible B6 mice expressed a high percentage of c.p.e, by day 2 post-infection and were entirely lysed by day 10. Fibroblast cultures derived from B6AF1 hybrids displayed an intermediate behaviour: c.p.e., already present by day 2 post-infection regularly increased thereafter, but without reaching total cell lysis.
When cells were infected as secondary cultures, virus persistence with high titres was established in all three cell lines. In addition, c.p.e, differences according to the strain of origin were less remarkable than in primary cultures. Although A/J-derived cells remained resistant to MHV3-induced cell lysis, B6 fibroblasts displayed a percentage of c.p.e, similar to that expressed in B6AF1 cells, thus allowing B6 cells to develop a persistent infection. In embryonic fibroblast cultures, MHV3-induced c.p.e, was characterized by the occurrence of granular cells, cell rounding and ballooning preceding cell lysis, without any development of focus or syncytium formation.
Virus infection was also carried out in primary and secondary embryonic fibroblast cultures derived from BALB/c (susceptible) and from SJL and C3H (semi-susceptible) mouse strains. Results were similar to those reported above with slight differences : i.e. total cell lysis occurred by day 2 post-infection in primary BALB/c cell cultures, and only minimal (25%) c.p.e, were exhibited by SJL-and C3H-derived.cells during the primary cell culture. All secondary cell cultures supported persistent viral infections (Fig. 2) .
Infected and uninfected embryonic fibroblast cell cultures were processed for immunofluorescence 24 h after trypsinization, and the number of fluorescent cells was correlated with c.p.e. A low percentage (5 to 15%) of fluorescent cells was associated with a low c.p.e. (25%). Conversely, a higher number of fluorescent cells (22 to 82%) was observed with increased c.p.e. (50 to 75%). Various patterns of cell fluorescence were observed (Fig. 3) . Fluorescent cells could be scattered, spread over monolayers (Fig. 3 a) or clustered (Fig. 3 b) . Virus-specific fluorescence was observed in the cytoplasm and in the nuclear area. Homogeneous and intense fluorescence was observed in cell cultures displaying marked c.p.e. (50 to 75%) (Fig. 3a, b) , whereas weaker granular cytoplasmic (Fig. 3 c) or nuclear (Fig. 3d) fluorescence was observed in cell cultures without or with low c.p.e. (0 to 25%).
Pathogenicity in vivo
Previous work showed that MHV3 obtained from persistently infected mouse lymphoid cell lines have lost the capacity to induce a lethal acute disease in susceptible mice (L. M. Lamontagne & J. M. Dupuy, unpublished results) . In order to test whether persistence itself or host cell factors were responsible for such a viral modification, the pathogenicity in vivo of MHV 3 derived from persistently infected embryonic fibroblasts obtained from various mouse strains was tested. No loss of pathogenicity in vivo was observed when virus, produced from persistently infected (8 to 38 days post-infection) B6, A/J or B6AF1 embryonic fibroblast cultures, was injected i.p. into six adult susceptible B6 mice per group.
Interferon and actinomycin D treatments
Assays for interferon production were carried out at 5-day intervals with supernatants of MHV3-infected embryonic fibroblast cell cultures during viral persistence. No interferon was detected. Addition of mouse a-interferon or anti-ceinterferon to persistently infected cell cultures did not affect viral persistence or c.p.e.
The role of host cell metabolism in the resistance to virus-induced cell lysis was studied in embryonic fibroblasts derived from the A/J mouse strain. Actinomycin D was added to persistently infected cell cultures at a dose of 0.5 gg/ml. Virus titres and c.p.e, were recorded at 24 and 48 h. After such a treatment, no significant modifications were observed in viral titres, but resistance to virus-induced c.p.e, was lost. infection is reflected in embryonic fibroblasts by establishment of persistent infections and the resistance to virus-induced cell lysis.
No significant differences in viral replication were observed in embryonic fibroblast cultures originating from various mouse strains. This result is in agreement with previous works by Dupuy et al. (1980) and by Macnaughton & Patterson (1980) , where no correlation was observed between the pathogenicity of MHV3 in vivo and its ability to replicate in macrophage cultures. In addition, no difference in MHV3 uptake was seen between macrophages originating from resistant, semi-susceptible and susceptible mouse strains (Krzystyniak & Dupuy, 1981) . These data, however, are at variance with those of Virelizier & Allison (1976) who observed that macrophages from resistant A/J mice restricted MHV 3 replication whereas those originating from susceptible or semi-susceptible mouse strains did not. A partial resistance to MHV3 replication in isolated hepatocytes derived from resistant mouse strains was expressed by a reduction of virus titres, as compared to high titres observed in cells originating from susceptible strains (Arnheiter et al., 1982) .
Our work, however, demonstrates a clear correlation between sensitivity in vivo and virusinduced cell lysis, as evidenced by c.p.e, in primary cultures of infected embryonic fibroblasts derived from resistant, semi-susceptible or susceptible mouse strains. In contrast, this correlation became less evident in secondary cultures of infected embryonic fibroblasts. This may be related to a gradual selection of less differentiated or non-differentiated dividing cells. Immunofluorescence study of MHV3-infected embryonic fibroblasts showed that the number of cells expressing viral antigen was related to c.p.e. The various patterns of fluorescence visualized in infected embryonic fibroblasts may reflect various steps of MHV 3 replication. Arnheiter et al. (1982) have observed that granular perinuclear fluorescence was associated with the E1 glycoprotein (gp25), and homogeneous cytoplasmic fluorescence with the Ez viral glycoprotein (gp 180). Pathogenicity in vivo and cell membrane fusion by coronaviruses were related to the E2 glycoprotein (Collins et al., 1981) . No loss of pathogenicity in vivo was detected in virus progeny of persistently infected embryonic fibroblast cells. No foci or syncytia, however, were observed in those~cell cultures. Resistance to virus-induced cell lysis was inhibited by actinomycin D treatment, suggesting that the cell control of viral infection requires synthesis of new host cell mRNA. Induction ofc.p.e, may be related to modifications of lysosomal membranes by insertion of viral proteins (Allison, 1967) or to a depletion of surface membrane material'following the emergence of enveloped virus without compensatory membrane production (Quigley et al., 1972) .
Establishment and maintenance of viral persistent infections are affected by several viral factors, e.g. occurrence of thermosensitive mutants (Preble & Youngner, 1975) , defective interfering particles and interaction between viral mutants and the interferon system (Holland et al., 1980; Friedman & Ramseur, 1979) . Host cell control of such viral infections in fibroblast cell cultures has been associated with interferon (Harnett & Shellam, 1982) . Interferon, however, did not seem to be involved in MHV3-infected embryonic fibroblast cultures.
MHV 3 pathogenicity in vivo depends on various factors: cellular and humoral immunity (Dupuy et al., 1975; Le Pr6vost et al., 1975 a) , natural resistance mechanisms such as natural killer cells (Le Pr6vost et al., 1975a) , and intrinsic cellular resistance (Arnheiter et al., 1982) . Le Pr6vost et al. (1975 a) have observed a correlation between the outcome of the infection and the virus titre in serum, 4 days post-infection. This suggests that natural resistance plays an important role in controlling replication and spread of infection. No correlation, however, was observed between natural killer cell activity or serum interferon titres, and the sensitivity in vivo of various mouse strains to MHV 3 (Schindler et al., 1982) .
Our work indicates that embryonic fibroblast cells originating from various mouse strains support MHV3 replication and that development of partial c.p.e, allows the establishment of persistent infections. In addition, genetically determined sensitivity to MHV3 infection in such cells is related to virus-induced cell lysis. Further work on enzymic or structural host cell factors should allow better definition of the mechanisms involved in the intrinsic cellular resistance acting under genetic control.
